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Fuel propertiesAbstract Transesteriﬁcation of Sesamum indicum L. oil was carried with methanol in the presence
of sodium methoxide and the parameters affecting the reaction; vegetable oil/methanol molar ratio,
catalyst concentration, reaction temperature and time were fully optimized by employing Central
Composite Design method (CCD). A quadratic polynomial was developed to predict the response
as a function of independent variables and their interactions and only the signiﬁcant factors affect-
ing the yield were ﬁtted to a second-order response surface reduced 2FI model. At the optimum
condition of 1:6 oil/methanol molar ratio, catalyst concentration of 0.75% and reaction time of
30 min, biodiesel yield of 87.80% was achieved. The selected fuel properties were within the range
set by ASTM and EN bodies.
ª 2014 Production and hosting by Elsevier B.V. on behalf of Egyptian Petroleum Research Institute.1. Introduction
The demand for energy is increasing at a substantial rate as the
economy of the populous developing countries is growing.
Currently, this high energy demand mainly depends on fossil
fuel resources [1] but it is unsustainable and its exploitation
leads to environmental degradation and increased emissionof greenhouse gases. Hence, the use of alternative sources of
energy, such as biofuels, is attracting the interest of researchers
[2].
In recent years, biodiesel has gained international attention
as a source of alternative fuel due to characteristics like high
degradability, low toxicity and emission of carbon monoxide,
particulate matter and unburned hydrocarbons [3,4]. Biodiesel
is a mixture of alkyl esters and it can be used in conventional
compression ignition engines, which need almost no modiﬁca-
tion. Biodiesel can be used as heating oil and also as fuel [5,6].
So far, this alternative fuel has been successfully produced by
transesteriﬁcation of vegetable oils and animal fats using
homogeneous basic catalysts.
Currently, partially or fully reﬁned and edible-grade vegeta-
ble oils, such as soybean, rapeseed and sunﬂower, are the
predominant feedstock for biodiesel production [7,8], which
obviously results in the high price of biodiesel. Therefore,
exploring ways to reduce the cost of raw material is of much
Table 1 Central Composite Design for transesteriﬁcation
reaction.
Variables (coded factors) Levels
1 0 +1
Molar ratio of oil to methanol (X1) 6:1 1:9 1:12
Catalyst/oil ratio (X2) 0.75 1.00 1.25
Reaction temperature (X3) 50 60 70
Reaction time (X4) 30 60 90
Table 2 Physical and chemical parameters of Sesamum
indicum oil.
Parameters Values
% Yield 61.99 ± 0.37
Colour Light yellow
State at room temperature Liquid
Speciﬁc gravity (25 C) 0.8525 ± 0.03
Viscosity at 40 C (mm2/s) 22.63
Acid value (mgKOH/g) 3.15 ± 0.58
FFA (%) 1.58 ± 0.29
Saponiﬁcation value (mgKOH/g) 142.2 ± 2.40
Iodine value (mg I/g) 86.15 ± 1.63
Peroxide value (mgO2/g) 2.8 ± 0.00
Table 3 Fatty acid composition of Sesamum indicum oil.
Fatty acid % Composition
Caproic acid (6:0) 7.80
Palmitic acid (16:0) 6.80
Stearic acid (18:0) 8.98
Oleic acid (18:1) 28.54
Linoleic acid (18:2) 39.73
Linolenic acid (18:3) 0.31
Lignoceric acid (24:0) 4.59
Others 3.25
192 F.A. Dawodu et al.interest in recent biodiesel research. As a result, in some coun-
tries, non-edible oils such as Jatropha curcas or waste cooking
oils [9–11] are preferred due to their low price.
Realistically, non-edible oils only cannot meet the demand
of energy consumption therefore, it has to be supplemented
from some edible oils. For example, the average US produc-
tion of soybean oil from 1993 to 1995 was 6.8 billion kg,
and in 2002, soybeans were harvested from more than 30 mil-
lion hectares across the United States, which accounts for 40%
of the total world soybean output [12]. This production capac-
ity accounts for more than 50% of the total available bio-
based oil for industrial applications. Also rapeseed is mostly
grown in Europe, China and India and there are many pub-
lished reports on the utilization of these seed oils as biodiesel
fuels [13–15].
Beniseed (Sesamum indicum L), herbaceous plant in Nigeria
as well as in India, China, Sudan, Burma, Bangladesh, Indone-
sia, Egypt, Tunisia, belongs to the family of Pedaliaceae. Ses-
ame seed has one of the highest oil contents of any seed and is
considered to be the oldest oilseed crop known to man, highly
resistant to drought and has the ability of growing where most
crops fail [16,17]. The seed colour varies from cream-white to
charcoal black but it is mainly black. In Nigeria, the notable
colours of sesame seed are white, yellow and black [18]. The
major world producers include India, Sudan, China and
Burma while Nigeria and Ethiopia are also major producers
and exporters [19].
The fat of sesame is of importance in the food industry due
to its ﬂavour and stability, its oil has been found to contain ses-
amin and sesaminol lignans in its non-glycerol fraction, which
are known to play an important role in the oxidative stability
and antioxidant activity [20]. The main fatty acid composition
of the oil is oleic (43%), linoleic (35%), palmitic (11%) and
stearic (7%) acids, contributing about 96% of the total fatty
acids [17,21]. It also contains some polyunsaturated fatty acids
basically Omega 6 fatty acids but lacks Omega 3 fatty acids.
Sesame seed is cultivated and produced in large quantity in
Nigeria, especially in the Northern part of the country and is
under-utilized in some parts of the country. Therefore, there
is a greater need to utilize some for energy purposes. Based
on the recent statement that Nigeria envisions an energy tran-
sition from crude oil to renewable energy [22], we therefore
investigated the oil of sesame seed as an alternative feedstock
for the production of biodiesel fuel.
In this work, we produced our biodiesel from sesame oil
through transesteriﬁcation reaction in the presence of an alkali
based catalyst and the factors affecting the reaction were fully
optimized by following the factorial design and response sur-
face methodology [23]. Limited reports on biodiesel production
from the oil of S. indicum and its optimization using Central
Composite Design technique exist in the literature [18,24].
2. Materials and methods
2.1. Materials
Seeds of S. indicum L.were bought from the open market, dried
to an acceptable moisture level and milled with a laboratory
milling machine. The oil-seed was then extracted with n-hexane
using a soxhlet apparatus and characterized according to the
AOCS ofﬁcial methods [25] (Table 1). Analytical grades of sul-phuric acid, methanol (Beijing Chemical works), sodium
hydroxide, and hexane (Xilong Chemicals) were used without
any further puriﬁcation. The reference standard of fatty acid
methyl esters (methyl palmitate, methyl stearate, methyl linole-
ate and methyl linolenate) was purchased from accustandard,
methyl oleate (J&K Chemicals) and monolein from the Tokyo
Chemical Industry, while diolein and triolein (Sinopharm
Chemicals) and glycerol standards were purchased from Xilong
Chemicals Co.
2.2. Methods
2.2.1. Experimental procedure
Reactions were carried out in a 250 cm3 two-necked batch reac-
tor. The reactorwas initially ﬁlledwith the desired amount of oil,
and then placed in the constant-temperature oil bath equipped
with reﬂux condenser, stopper and heated to a predetermined
temperature. The catalyst, sodium methoxide was generated
by dissolving anhydrous sodium hydroxide in methanol and
the resulting solution was added to the agitated reactor. At the
Table 4 Result of CCD for transesteriﬁcation of Sesamum indicum oil.
Run A B C D X1 X2 X3 X4 % yield
1 6:1 0.75 50 30 1 1 1 1 87.80
2 12:1 0.75 50 30 +1 1 1 1 77.44
3 6:1 1.25 50 30 1 +1 1 1 65.68
4 12:1 1.25 50 30 +1 +1 1 1 80.40
5 6:1 0.75 70 30 1 1 +1 +1 75.40
6 12:1 0.75 70 30 +1 1 +1 1 76.36
7 6:1 1.25 70 30 1 +1 +1 1 78.12
8 12:1 1.25 70 30 +1 +1 +1 1 81.48
9 6:1 0.75 50 90 1 1 1 +1 82.88
10 12:1 0.75 50 90 +1 1 1 +1 78.08
11 6:1 1.25 50 90 1 +1 1 +1 75.68
12 12:1 1.25 50 90 +1 +1 1 1 79.68
13 6:1 0.75 70 90 1 1 +1 +1 81.00
14 12:1 0.75 70 90 +1 1 +1 +1 81.20
15 6:1 1.25 70 90 1 +1 +1 +1 80.00
16 12:1 1.25 70 90 +1 +1 +1 +1 86.24
17 9:1 1.00 60 60 0 0 0 0 78.68
18 9:1 1.00 60 60 0 0 0 0 77.52
19 9:1 1.00 60 60 0 0 0 0 74.86
20 9:1 1.00 60 60 0 0 0 0 78.90
21 9:1 1.00 60 60 0 0 0 0 69.41
22 9:1 1.00 60 60 0 0 0 0 75.77
23 9:1 1.00 60 60 0 0 0 0 77.21
24 9:1 1.00 60 60 0 0 0 0 73.87
A-Methanol:seed oil molar ratio; B-Catalyst/seed oil (%wt); C-Temperature (oC); D-Time (min); X1, X2, X3, and X4 are coded factor for A, B,
C, and D respectively; Rate of mixing is constant (800 rpm).
Biodiesal production from seed oil 193end of the reaction, excess methanol was removed using a rotary
evaporator and the product transferred to a separating funnel
for phase separation. The lower phase rich in glycerol was sepa-
rated and the upper phase was then washed with lukewarm dis-
tilled water. The percentage ester yield was calculated by
comparing the weight of methyl ester with the initial weight of
the oil (%w/w). Biodiesel purity, that is, themethyl ester concen-
tration (%wt) in the product was calculated by Gel Permeation
Chromatography (GPC) (Asahipak GF310-HQ column, oven
temperature: 40 C) with a refractive index as detector. Acetone
was used as the mobile phase at ﬂow rate 1 ml/min. This also
allows for the quantiﬁcation of the monoglyceride, diglyceride
and triglyceride contents in the biodiesel [26].Figure 1 Pareto chart showing the effects2.3. Experimental design
Central Composite Design technique (CCD) was used for opti-
mization of biodiesel production. The experimental design
applied to this work was a full 24 factorial design (four factors
each at two levels) with 8 centre points making a total of 24
runs (Table 1). Experiments were run at random to minimize
errors due to possible systematic trends in the variables.
Minitab 16.0was used for normal plot andpareto chart of the
standardized effects. The effects allowed for full investigation of
the signiﬁcant parameters affecting transesteriﬁcation reaction.
TheDesignExpert 6.0 softwarewas therefore used for regression
and graphical analyses of the data obtained. Statistical analysisFactor Name
A Methanol:oil
B Catalyst weight 
C Temperature 
D Time
of different variables on FAME yield.
Factor Name
A Methanol:oil
B Catalyst weight 
C Temperature 
D Time
Effect Type
Not Significant 
Significant 
Figure 2 Normal plot of the standardized effects (response is %Yield, Alpha = 0.05).
Table 5 Results of ANOVA for response surface reduced 2FI model.
Source Sum of square DF Mean square F-value P-value Signiﬁcant
Model 228.27 5 45.65 2.96 0.0404
A 12.82 1 12.82 0.83 0.3744
B 10.37 1 10.37 0.67 0.4233
C 9.24 1 9.24 0.60 0.4493
AB 111.94 1 111.94 7.25 0.0149
BC 83.91 1 83.91 5.43 0.0316
Residual 278.05 18 15.45
Lack of ﬁt 106.71 3 35.57 3.11 0.0579 ss
Pure error 171.34 15 11.42
Corr. Total 506.32 23
ss-not signiﬁcant.
Figure 3 Graph showing the relationship between residuals and predicted biodiesel yield.
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Biodiesal production from seed oil 195of the model was performed to evaluate the analysis of variance
(ANOVA). A quadratic polynomial was developed to predict
the response as a function of independent variables and their
interactions [27] and a second-order polynomial equation [28]
was used.Y ¼ b0 þ
Xk
i¼1
biXi þ
Xk
i¼1
bijX
2
i þ
Xk
ii>j
Xk
j
bijXiXj ð1Þwhere I and j are the linear and quadratic coefﬁcients respec-
tively, b is the regression coefﬁcient, k is the number of factors
studied and optimized and e is the random error.Figure 4 Predicted and actual exp
Figure 5 Normal p2.4. Fuel properties
The fatty acid methyl ester produced was subjected to fuel
properties tests such as density, kinematic viscosity, and acid
number.
3. Results and discussion
3.1. Characterization of S. indicum oil
The physical and chemical characterization of the oil was deter-
mined according to a standardprocedure (Table 2) andwas com-
pared to the results found in the literature [29]. The %FFA was
within the limit allowed for alkali-catalysed transesteriﬁcationerimental results for the model.
lot of residuals.
Figure 6 Three dimensional plot of the effect of oil/methanol molar ratio and catalyst concentration on the yield of FAME.
196 F.A. Dawodu et al.reaction [30]. The fatty acid composition was determined by gas
chromatography and is shown in Table 3. Oleic acid and linoleic
acid were predominant in the oil.
3.2. Experimental design
In this study, optimization of biodiesel yield was carried out
using Central Composite Design to fully establish parameters
affecting transesteriﬁcation reaction. Table 4 summarizes the
yield of FAME from S. indicum oil.Figure 7 Three dimensional plot of the effect of oil/methanol mBased on a ¼ 0:05, only factors with P-value less than 0.05
are signiﬁcantly affecting % yield as observed in Fig. 1. The
signiﬁcant factors are further conﬁrmed by normal plot of
the standardized effect (Fig. 2). Only the terms affecting the
yield were then included in the result of the second-order
response surface reduced 2FI model ﬁtting in the form of
ANOVA shown in Table 5. The Fisher F-test (F= 2.96) with
a low P-value less than 0.05 indicates a high signiﬁcance for the
model. There is only a 4.04% chance that a ‘‘model F-value’’
of 3.84 could be due to noise factors in the experiments. With
low P-value from the analysis of variance, the reduced qua-olar ratio and catalyst concentration on the yield of FAME.
Figure 8 Contour plot of the interaction between oil/methanol molar ratio and catalyst weight.
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marizes the relationships between the response and the signif-
icant variables. Therefore, the terms AB and BC are signiﬁcant
model terms and were ﬁtted into a second order reduced 2FI
model in term of coded factors as shown Eq. (2). The Lack
of Fit F-value’’ of 3.11 implies the Lack of Fit is not signiﬁcant
relative to the pure error. Therefore, the model proposed is
valid and statistically signiﬁcant.
Y ¼ 78:07þ 0:89A 0:80Bþ 0:76Cþ 2:64ABþ 2:29BC ð2Þ
where Y is the biodiesel yield and A, B, and C are coded fac-
tors for vegetable oil/methanol ratio, catalyst weight and tem-
perature respectively.Figure 9 Contour plot of the interaction betweThe model predicts that yield of 78.07% could be obtained
under the optimum operating conditions and catalyst weight
has the highest interaction between all the variables considered
in this experiment.
To test the ﬁt of the model, the residual distribution graph
was plotted and it is observed that the residual distribution does
not follow a particular trend with respect to the predicted
response values. This tests the assumption of constant variance
and should be a random scatter as seen in Fig. 3. The residuals
are less than 3%which indicates themodel accuracy on the inﬂu-
ence of FAMEyield over the experimental factors studied. Fig. 4
shows the relationships between the experimental response val-
ues and predicted response values. This graph helps to detect a
value, or group of values, that are not easily predicted by theen catalyst weight and reaction temperature.
Figure 10 Chromatogram of FAME at the optimum condition before washing (a) unreacted triglyceride; (b) FAME; (c) glycerol; (d)
impurities.
198 F.A. Dawodu et al.model. To test the ﬁt of themodel, the data points should be split
evenly by the 45 degree line. Fig. 4 agrees with this assumption
and the ﬁt of themodel was further conﬁrmed by the normal plot
of residuals (Fig. 5) which shows the linearity of the residuals.
This indicates the errors are normally distributed for all the
reduced responses. It can be therefore concluded that the
reduced 2FI model adequately correlates the relationship
between the reaction variables and the FAME yield.
3.3. Interaction and responses
The statistical analysis signiﬁes catalyst weight as the most
important interacting factor in the biodiesel yield response.Figure 11 Infrared spectrum of FACatalysts are known to speed up a chemical reaction and could
also inhibit or slow down a reaction if they are in limited quan-
tity or in excess. As seen in Eq. (2), catalyst weight has a neg-
ative effect on the reaction but its interaction with other
factors; methanol to vegetable oil molar ratio and temperature,
show positive interactions. Therefore, the biodiesel yield
increases when the values of these factors increase. The meth-
anol/oil molar ratio interaction is very signiﬁcant according to
the statistical analysis and shows a positive inﬂuence on the
response, biodiesel yield. Likewise, temperature has a positive
inﬂuence on the reaction according to Eq. (2).
In order to fully understand the interaction between the sig-
niﬁcant variables, three dimensional surface response plotsME from Sesamum indicum L.
Table 6 Characteristic infrared bands of biodiesel.
Wave number
(cm1)
Present
work
Group
assignment
Vibration
type
720 723.09 –CH2 Plane rocking
1112–1070 1098.48 –C–O Stretching
1300–1100 1168.32 –C–O Stretching
1275–1100 1241.51 –CH In-plane bending
1475–1350 1377.33 –CH2, –CH3 Bending
1472–1427 1464.89 –CH3 Asymmetric bending
1750–1730 1744.11 –C‚O Stretching
3000–2800 2854.28 –CH2 Symmetric stretching
3000–2800 2925.90 –CH2 Asymmetric stretching
3050–3000 3007.92 –CH Stretching
Biodiesal production from seed oil 199were employed. When twice the amount of stoichometric ratio
was used with catalyst ratio of 0.75%, the yield of 87.80% was
achieved in 30 min (Fig. 6). The yield drastically reduced when
the catalyst ratio is increased to 1.25%. We observed an emul-
sion (soap) in the reaction system and this signiﬁcantly reduced
the yield of our product. An improved yield was achieved
when the oil/methanol ratio was increased keeping the catalyst
ratio at 1.25%. This helps in further diluting the reaction sys-
tem and soap formation was not observed. Even little amount
of FFA in reﬁned vegetable oil could still form an emulsion if
excess sodium or potassium hydroxide is used. Fig. 7 shows the
relationship between catalyst weight and temperature. Overall,
catalyst plays an important role in the reaction and this is fur-
ther conﬁrmed with the contour plots (Figs. 8 and 9).
3.4. Analysis of FAME from S. indicum L. oil
FAME produced at the optimum operating condition was ana-
lysed using the GPC method as seen in Fig. 10. There was high
conversion of triglyceride to biodiesel at 1:6 M ratio of oil to
methanol, catalyst concentration of 0.75 wt%, temperature of
50 C and reaction time of 30 min. Conversion of TG to biodie-
sel was further conﬁrmed based on the functional groups of the
product (Fig. 11). The two most polar bonds in esters (contain-
ing the ACOAOACA unit) are the C‚O and CAO bonds and
these bonds produce the strongest bands in the spectrum of any
ester (summarized in Table 6). Aliphatic esters produce C‚O
and CAO bands at 1750–1730 and 1300–1100 cm1 respec-
tively, an indicator of conversion of triglyceride to FAME. Acid
number after production (0.36 mgKOH/g), acid number after
six months of storage (3.73 mgKOH/g), density (0.8809 g/mL
at 15 C), kinematic viscosity (4.9 mm2/s at 40 C) are within
the values speciﬁed by international standards.
4. Conclusion
Transesteriﬁcation of S. indicum oil to biodiesel was fully opti-
mized by Central Composite Design Technique and the opti-
mum condition was found at oil/methanol molar ratio of 1:6,
catalyst weight of 0.75 wt% relative to the weight of oil used,
temperature of 50 C and reaction time of 30 min. The purity
of the biodiesel, as detected via GPC, was high and the proper-
ties were within the speciﬁed limit. Although, the acid number
increased signiﬁcantly after six months of storage due to unsat-
uration of the fatty acid chains, this effect could be stabilized
with some recommended antioxidants. Therefore, sesame seedoil could serve as a potential feedstock for biodiesel production
and also complement the existing biodiesel feedstocks.
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